Introduction
Arsenic and/or tin are effective elements for steel material toughness and malleability. It is desirable to develop an automated method that does not require specific skills and has a high enough sensitivity to detect a minute mg g Ϫ1 level of arsenic and/or tin in steel samples.
In the Japanese Industrial Standard (JIS) G1225 method, two methods are used for the determination of arsenic in steel samples. One is the reduced molybdate spectrophotometric method after separation by arsenic tri-iodide extraction. The other is the hydride generation/Ag-diethyldithiocarbamate spectrophotometric method after separation by beryllium hydroxide coprecipitation. Because these methods include some troublesome procedures, operators are needed with some specific skills and techniques for the precise and accurate determination of arsenic in steel samples. In the case of tin, the JIS G1226 method (Iron and steelMethod for determination of tin content) is identified by the phenylfluorone spectrophotometric method after separation by tin tetra-iodide extraction.
Most of the papers studying the determination of arsenic including the analyte separation process from a sample matrix were categorized on the two systems by the species of arsenic. Using penta-valent arsenic, it was separated from the matrix matter by reacting it with ammonium molybdate to form an arsenomolybdate. 1) Using tri-valent arsenic, it was separated from the matrix matter by reacting it with strong reductive compounds, such as sodium borohydryde. From this reaction, tri-valent arsenic forms a gaseous arsenic hydride. [2] [3] [4] [5] [6] [7] Tri-valent arsenic is reacted with iodide ion to form AsI 3 and can be extracted into an organic solvent. 8, 9) In the case of tin, a solvent extraction method based on the formation of SnI 4 is the most common separation method for the determination of tin in steel samples. 10, 11) Most of these methods necessitate some troublesome procedures and skills for the accurate determination of arsenic and/or tin. But these methods have been utilized for so long that they are still essential for quality control in some steel making factories.
To develop an automated system, we focused on the solvent extraction of arsenic and/or tin from the steel sample matrix. So far, there are two types of automated solvent extraction systems categorized by the phase separator type, [12] [13] [14] [15] such as the membrane type and/or the gravity type. Using a membrane type phase separator, it is possible to make a fully automated system. Most automated extraction systems involve this phase separator type. But these systems can not be applied to certain processes including the formation of precipitation. On the other hand, the gravity type phase separator was in use before the membrane type phase separator. 41) Though this phase separator (Received on February 5, 2004 ; accepted in final form in August 9, 2004 ) An automated on-line solvent extraction system has been developed for the determination of arsenic or tin in steel by electrothermal atomic absorption spectrometry (ET-AAS). It is based on the formation of AsI 3 and SnI 4 in concentrated hydrochloric acid and sulfuric acid media, respectively. They are extracted into benzene and back extracted into water and 0.25 mol dm Ϫ3 sulfuric acid, respectively. An improved gravity phase separator was developed for the recycling of organic solvent used in the automated on-line solvent extraction system. Using the proposed system, arsenic or tin contained in the acid dissolved steel sample solution was automatically extracted and back-extracted. Then, the back-extracted solutions were used for the determination of arsenic or tin by ET-AAS. In the determination of arsenic, 800 mg dm Ϫ3 of cobalt solution had to be used as the matrix modifier to exclude the effect of coexisting substances such as iodide ion. In the determination of tin, 1 000 mg dm Ϫ3 of palladium solution had to be used in the same manner. By this method, a detection limit of As and Sn was 0.2 mg As in the 0.1 g Fe and 0.1 mg Sn in the 0.05 g Fe.
type has been applied to suspended samples, it has not been commonly used. [42] [43] [44] [45] [46] [47] [48] [49] In the process of the JIS G1225 method, the sample solution and benzene were easy separated in the separation funnel. At the same time, some precipitation occurred. Because of this, we could not use the membrane type phase separator, but the gravity type phase separator was suitable for the development of an automated solvent extraction system. Recently, we developed an automated on-line solvent extraction system 50, 51) based on the JIS G1225 method. Therefore we attempted to make an automated separation system for the determination of arsenic or tin in steel samples by electrothermal atomic absorption spectrophotometry. Moreover, we attempted to recycle an organic solvent by cleaning it in the system.
Experimental

Apparatus
In the system shown in Fig. 1 , two double-plunger minichemical pumps (Nihon Seimitsu Kogyo, SP-D-4601U, double-plungers are adjusted to pump at a similar timing) were used to mixing the sample solution and solvent. Two columns were used as a gravity type phase separator. One column which had two graft pipes was called an extraction column to be used for the extraction of analyte from the sample solution to the organic solvent. The other column which had one graft pipe was called a back extraction column to be used for the back extraction of the analyte from the organic solvent to the back extraction solution. The column dimensions were the same at 22 mm for the inner diameter and 75 mm for the length. Graft pipes were upper slanting combined with column body located at a 20 mm lower position from the top of the column upper end. In the extraction column, each pipe was arranged at an angle of 120°. Every graft pipe was fitted with a Teflon tube which had a 2 mm outer diameter. A stainless steel plunger head was used on the benzene stream and one made of PEEK was used on the sample solution stream. Two mixing coils (0.5 mm i.d. and 4000 mm length) and all tubing (1.0 mm i.d. and 2.0 mm o.d.) were made of PTFE. On the outline of the benzene stream from the plunger head, 300 mm of PTFE tube (0.5 mm i.d.) was used as a back pressure coil. Two 3-way valves were used as solution exits.
For atomic absorption measurement, a Seiko electric Co. SAS7500A was used in combination with a flameless metal atomizer PS200A.
A medium size tungsten board (inner volume 25 mL) was used as the atomization platform. The light source was a hollow cathode lamp of arsenic and tin purchased from Hamamatsu photonics. For the background correction, a D 2 lamp was emitted on the detection step.
Reagents
Standard arsenic and tin solutions were purchased from Wako Pure Chemical Co. Ltd. and used at the appropriate dilution with 7.0 mol dm Ϫ3 hydrochlric acid and 5.5 mol dm Ϫ3 sulfuric acid, respectively. 5 and 3 mol dm Ϫ3 potassium iodide solutions were freshly prepared by dissolving 41.6 and 24.96 g of potassium iodide in water and diluting to 50 cm 3 by volumetric flask, respectively. They were used for the separation of arsenic and tin, respectively. Hydrochloric acid (about 35 %) and sulfuric acid (about 95 %) for poisonous metal analysis (PMA) were purchased from Wako Pure Chemical Co. Ltd.
Matrix matching solution for arsenic or tin (including 50 000 mg dm Ϫ3 of Fe) was prepared by dissolving 24.20 g of FeCl 3 · 6H 2 O in 7.0 mol dm Ϫ3 hydrochloric acid and 5.5 mol dm Ϫ3 sulfuric acid, respectively, and adjusting to 100 cm 3 with a volumetric flask. Cobalt solution (800 mg dm
Ϫ3
) was prepared by dissolving 4.938 g of Co(NO 3 ) 2 · 6H 2 O in 0.1 mol dm Ϫ3 of nitric acid and adjusting to 100 cm 3 with a volumetric flask. This solution was used for the matrix modifier for the determination of arsenic.
Titanium(III) chloride solution was purchased from Kanto Kagaku Co. Ltd. Since this solution contained a few mg dm Ϫ3 of tin, all measurement values obtained from the determination of tin must be subtracted from the blank value which was obtained from the all procedures without sample solution.
Palladium solution (1 000 mg dm Ϫ3 ) and Benzene were purchased from Wako Pure Chemical Co. Ltd. and were used as received.
All other reagents used were of analytical grade and all water used was deionized using the Milli Q reagent water system (Millipore).
Procedure 2.3.1 Automated Solvent Extraction
Based on a previous paper, 50, 51) arsenic and tin in the sample solution were separated by the automated solvent extraction system shown in Fig. 1 .
Before the extraction process, 10 cm 3 and 18 cm 3 of ben- zene were added into the extraction column and back extraction column, respectively. 5 cm 3 of sample solution, which was dissolved and diluted by 7.0 mol dm Ϫ3 of hydrochloric acid or 5.5 mol dm Ϫ3 of sulfuric acid for the determination of arsenic and tin, respectively, was added in the 100 cm 3 beaker. For the determination of tin, titanium chloride solution was added into the beaker. The volume of titanium chloride solution was 0.12 cm 3 per 0.01 g of Fe. Then, 1.5 cm 3 of 5 mol dm Ϫ3 and 2.0 cm 3 of 3 mol dm Ϫ3 of KI solution were added to this mixture for the determination of arsenic and tin, respectively. This solution was transferred into the extraction column (EC). When precipitation remained in the beaker, it was washed 3 times by the 1.0 cm 3 of 7.0 mol dm Ϫ3 of hydrochloric acid solution and 5.5 mol dm Ϫ3 of sulfuric acid solution into the extraction column for the determination of arsenic and tin, respectively. In the case of arsenic and tin, 2.0 cm 3 of water and 0.25 mol dm Ϫ3 of sulfuric acid solution was added into the back extraction column, respectively. This solution was called as back extraction solution. The automated extraction system was then sealed and the streams were pumped in the allowed direction at the rate of 3 cm 3 min Ϫ1 shown in Fig. 1 . After 15 min, only back extraction solution was collected into the 10 cm 3 volumetric flask through the 3-way valve. 2.0 cm 3 of back extraction solution was added to the back extraction column and the system was sealed and pumped again. These collection processes were repeated 4 times and the back extraction solution was diluted to 10 cm 3 with the back extraction solution. Sample solution remaining in the extraction column was removed through the 3-way valve. 9 cm 3 and 2 cm 3 of back extraction solution used as the cleaning solution were added into the extraction column and back extraction column, respectively. The system was sealed and pumped for a few minutes. Cleaning solution was wasted through the 3-way valve. These cleaning processes were repeated over 6 times until the waste cleaning solution was colorless, and then the next sample solution was added to the system.
Determination of Arsenic or Tin by Tungsten
Flameless Atomic Absorption Spectrophotometry According to some papers, [50] [51] [52] [53] suitable matrix modifier was used in the atomization conditions shown in Tables 1  and 2 . For the determination of arsenic, 10 mm 3 of 800 mg dm Ϫ3 of cobalt solution was first injected into the furnace and then the heating program was temperately suspended and 25 mm 3 of sample solution was injected into the furnace. Then we proceeded to the final step for the measurement of the atomic absorption of arsenic. For the determination of tin, 10 mm 3 of 1 000 mg dm Ϫ3 of palladium solution and sample solution were injected into the furnace and the atomization conditions were proceeded with according to Table 2 . Calibration curves were plotted as peak height versus absolute amounts of analyte.
2.3.3. Determination of Arsenic or Tin in the Steel Sample An appropriate amount of steel samples was precisely weighted and dissolved by the mixture of concentrated nitric and hydrochloric acid. After a fuming treatment by heating with perchloric acid, residues were redissolved by the appropriate solvent. For the determination of arsenic and tin, residues were redissolved by the 7.0 mol dm Ϫ3 hydrochloric acid and 5.5 mol dm Ϫ3 sulfuric acid, which was then called treated arsenic and tin sample solution, respectively. The treated arsenic and tin sample solution were treated with the procedures in Sec. 2.3.1, and analyte included in the back extraction solution obtained from the system shown in Fig. 1 was determined by the procedure in Sec. 2.3.2. The analytical results were calculated with the standard addition method.
Results and Discussions
Effect of the Concentration of Acid
At first, one of the most effective factors for the extraction efficiency of arsenic and tin is the concentration of acid in the sample solution. We determined the concentration of hydrochloric acid and sulfuric acid in the extraction column ranging from 8 to 4.5 and 12 to 6 mol dm Ϫ3 for the extraction of arsenic and tin, respectively. The results are shown in Fig. 2 . For the determination of arsenic, peak height was maxed in the concentration of hydrochloric acid in the extraction column between 5 and 6 mol dm Ϫ3 . In considera- Table 1 . Analytical conditions of W furnace-AAS for the determination of As.
tion of the volume of additional potassium iodide solution, the concentration of hydrochloric acid in the sample solution was set at 7.0 mol dm
Ϫ3
. On the other hand, for the determination of tin, peak height was constant when the concentration of acid in the extraction column was over 9 mol dm Ϫ3 (sulfuric acid concentration was over 4.5 mol dm
). In consideration of the dilution by adding some other reagents such as titanium chloride and potassium iodide, the concentration of sulfuric acid in a sample solution used for the determination of tin was set at 5.5 mol dm Ϫ3 .
Treatment with Titanium Chloride Solution
In the JIS G1225 method, titanium chloride solution is added for the reduction of Fe and/or arsenic(V). From the results of our previous paper, 50, 51) this solution influenced the phase separation of sample solution and organic phase as well as the recovery of arsenic in the manual procedures. However, it did not influence the phase separation and recovery of arsenic in the automated on-line solvent extraction system. Therefore, titanium chloride solution was not added to the sample solution for the determination of arsenic in this paper.
On the other hand, the iron matrix had an influence on the determination of tin. According to the JIS G1226 method, titanium chloride solution was added to reduce iron(III) in the sample solution and it had to be added before the addition of iodide solution. When 0.12 cm 3 of titanium chloride solution was added to the sample solution containing 0.01 g of iron, the color of a sample solution changed from yellow to purple. This was a sign that iron(III) was reduced by titanium chloride. Due to this reduction process, quantitative recovery was achieved. Therefore, titanium chloride solution was added to the sample solution for the determination of tin.
Effect of the Absolute Amounts of Potassium
Iodide As in the previous paper, 50, 51) potassium iodide was used for the formation of AsI 3 or SnI 4 . The absolute amounts of potassium iodide influenced the recovery of arsenic and tin. From the results obtained from the experiment with the 5 mol dm Ϫ3 of potassium iodide solution, the atomic absorption of arsenic obtained from the back extraction solution decreased when the absolute amount of potassium iodide fell below 1.0 mmol without Fe. In this paper, the absolute amount of potassium iodide was set at 7.5 mmol (1.5 cm 3 of 5 mol dm Ϫ3 potassium iodide solution) for the determination of arsenic. In the case of the determination of tin when the sample solution without Fe matrix was used, the recovery of tin was constant at the absolute amount of iodide over 3 mmol. When the sample solution with Fe matrix was used, however, the recovery of tin was maxed when the absolute amount of iodide was set at 6.0 mmol. Over this amount, the recovery of tin decreased. Therefore the absolute amount of potassium iodide was set at 6.0 mmol (2.0 cm 3 of 3 mol dm Ϫ3 potassium iodide solution).
Effect of the Back Extraction Solution
In the case of arsenic, analyte was able to be back extracted into the water according to the JIS G1225 method. In the case of tin, it could not be back extracted into the water, but it could be back extracted into the diluted sulfuric acid solution according to the JIS G1226 method. The effect of the concentration of sulfuric acid was determined to be less than 1 mol dm
Ϫ3
. From the results, the recovery of tin was maxed with the concentration of sulfuric acid in the back extraction solution at 0.25 mol dm
. Over this concentration, the recovery clearly decreased. Therefore the concentration of sulfuric acid in the back extraction solution was set at 0.25 mol dm Ϫ3 .
Effect of the Extraction and Back Extraction
Times In the previous paper, 50) due to the loss of back extraction solution remaining in the system tubing, the recovery of arsenic decreased. For its improvement, a small amount of back extraction solution was used in the one process and the same processes were repeated several times.
The effect of the extraction and back extraction times was shown in Fig. 3 . The atomic absorption of arsenic was constant when the extraction and back extraction processes were performed over 4 times. It was thought that most of the arsenic in the sample solution was collected into the back extraction solution. Therefore, the extraction and back extraction times were set at 4.
The effect of the time of each extraction and back extraction process was examined. Constant recovery of As was observed when the each extraction and back extraction process was taken over 10 min. Therefore each extraction and back extraction time was set at 15 min.
In the analytical conditions, one determination process consisted of extraction and back extraction processes performed 4 times and one extraction and back extraction process was taken to be 15 min. Therefore, the total treatment time for one sample was taken to be 60 min.
In the case of the determination of tin, the above-mentioned extraction and back extraction parameters are the same as in the case of arsenic.
Effect of the Volume of Back Extraction Solution
Considering the possibility of concentration, the effect of the volume of back extraction solution was determined. A constant recovery was obtained with over 2.0 cm 3 of back extraction solution. Therefore, the volume of back extraction solution was set at 2.0 cm 3 . In the analytical procedure, the back extraction process was performed 4 times and all of the back extraction solution was collected into 10 cm 3 of a volumetric flask and diluted to 10 cm 3 with back extraction solution.
Recycling of Solvent
The most important point of this study was the recycling of the solvent. In this system, it may be possible to clean the used solvent by exchanging a sample solution and a back extraction solution with the cleaning solution in the extraction and back extraction columns. We think that the most typical cleaning solution is back extraction solution. To confirm this idea, the effect of the cleaning process was determined by the following procedures. The sample solution containing 2.5 mg of arsenic was extracted and back extracted in one process. Then, the sample solution and the back extraction solution were wasted from the extraction and back extraction column through the 3-way valve, and 9 cm 3 and 2 cm 3 of the back extraction solution used as a cleaning solution were added to the extraction column and back extraction columns, respectively. After pumping this solution for a few minutes, cleaning solution was collected into a sample tube for the determination of arsenic. To consider the effect of cleaning times, the above-mentioned cleaning processes were repeated several times. Results obtained from this experiment were shown in Fig. 4 . Even when the standard arsenic solution without iron matrix was used, the cleaning process was done 4 times to achieve undetectable concentration levels of arsenic in the cleaning solution. When the sample solution with the iron matrix was used, it took over 6 times to achieve the same concentration levels of arsenic in the cleaning solution.
In the case of tin, similar trend results were obtained from the similar experiment. Therefore, in the analytical procedure presented in Sec. 2.3.1, the cleaning process was performed over 6 times to completely remove the former sample matrixes. All of the cleaning processes were performed in the extraction and back extraction column so that the loss of extraction solvent would be as small as possible.
Effect of the Matrix Modifier
It was difficult to determine arsenic and/or tin in the back extraction solution by the general flameless atomic absorption spectrophotometric conditions. Therefore a suitable matrix modifier had to be used. From our previous paper, [50] [51] [52] [53] cobalt nitrate solution was suitable for the determination of arsenic with the atomization conditions shown in Table 1 . In the case of tin, some studies have mentioned a matrix modifier, such as Ni, 54) Pd 54) and ascorbic acid. 55) When applied to our back extraction solution, however, there was no influence on the atomic absorption of tin in our back extraction solution except Pd. When the Pd solution was used as a matrix modifier to determine our back extraction solution, atomic absorption of tin was clearly observed in the same manner as that obtained from a tin standard solution used. Therefore, Pd solution was used as a matrix modifier for the determination of tin in the back extraction solution with the atomization conditions shown in Table 2 . were calculated from the measured value to be subtracted with the blank value. Because the y intercept value depended on the sample and blank value, it was not represented in those equations. The relative standard deviation when the absolute amount of arsenic and tin in the sample solution was 1.0 mg was below 5 %. The detection limit of arsenic and tin, which was identified from the S/N ration of 3, was 0.2 mg and 0.1 mg in the samples solution, respectively. For the determination of arsenic, 0.1 g of steel sample was able to be used in each analytical process. The detection limit of arsenic in the steel samples was thus calculated as 2 mg As/g Fe. On the other hand, for the determination of tin, 0.05 g of steel sample was able to be used in each analytical process. The detection limit of tin in the steel samples was thus calculated as 2 mg Sn/g Fe.
Calibration Graph and Accuracy
Application to the Standard Reference Materials
The proposed method was applied to standard reference materials JSS 168-7, JSS 169-7, JSS 171-7 (which were low alloy steels), JSS 111-12 (pig iron) and NIST SRM 362 (low alloy steel). Results were summarized in Table 3 . In © 2004 ISIJ Table 3 . Determination results in steel samples. the JIS G1225 method, it was recognized that the relative allowance error within and between laboratories obtained from the sample containing 0.007 % of As was 9.6 % and 6.0 %, respectively. In the JIS G1226 method, it was recognized that the relative allowance error within and between laboratories obtained from the sample containing 0.010 % of Sn was 5.1 % and 6.3 %, respectively. In comparing these values, the standard deviation values shown in Table 3 suggested that the proposed method had appropriate precision for the application of this method to real samples.
Conclusion
An automated solvent extraction system is presented for the determination of arsenic and tin in a steel sample, which utilized a gravity type phase separator. Because this type phase separator was used, the proposed system was applied to the suspended sample solution and it was more robust than the system that consisted of the membrane type phase separator. In our proposed system, all procedures such as extraction, back extraction and solvent cleaning were performed in the closed column. Therefore, the loss of organic solvent was slight. Moreover, it was found that the organic solvent used for extraction was reusable by cleaning it with back-extraction solution in this system.
